Abstract : The interest in air-water flows has not diminished in recent years, but it is accompanied by frequent citations of early, sometimes outdated articles. A basic issue is the inadequate, incomplete interpretation of air-water flow instrumentation by hydraulic engineers and researchers.
INTRODUCTION
The first International Junior Researcher and Engineer Workshop on Hydraulic Structures provides some opportunity for young researchers and engineers to present their own ideas and research outcomes. The success of their research project is however linked with the quality of some senior research supervision. The senior researcher has the duty to steer the project scholarship and to lead by the example for the benefits of the research group. In the end, the success of the study derives from the standing of the group work. The present study illustrates a successful teamwork.
Air-water flows have been studied recently (Chanson 1997 (Chanson , 2004 . The interest in air-water flows is evidenced by the number of associated papers published in the IAHR Journal of Hydraulic Research, the International Journal of Multiphase Flow and the ASME Journal of Fluids Engineering. It is accompanied by frequent citations of early, sometimes outdated articles while some fundamental works are too often ignored (e.g. Cain and Wood 1981a,b) . All these suggest little progress in the past four decades despite exaggerated claims. A basic issue is the inadequate, incomplete interpretation of air-water flow instrumentation by hydraulic engineers and researchers that derives from crude signal processing methods, despite a few critical contributions (Chanson 2002 , Chang et al. 2003 .
Herein the writers demystify the data processing of air-water flow measurements. They show some simple analyses yielding some expanded information on the air-water flow properties and turbulence structures. This is illustrated with recent applications to air entrainment in hydraulic jumps and free-surface aeration in skimming flows on stepped spillways. The first part describes the macroscopic flow properties, and the second part presents the microscopic air-water characteristics.
PHASE DETECTION PROBES
In high-velocity air-water flows, air entrainment is always substantial and classical measurement devices (e.g. Pitot tube, LDV) are adversely affected by the entrained bubbles. For void fractions between 5 and 95%, the most robust instrumentation is the needle-shaped phase detection probe: optical fibre probes and conductivity/resistivity probe. The intrusive probe is designed to pierce the bubbles and droplets (Fig. 1 ). There are two basic probe designs: single-tip probe and double-tip probe. A typical conductivity probe sensor consists of a fine sharpened rod coated with nonconductive resin and set into a stainless steel surgical needle acting as the second electrode. With a double-tip probe, the probe sensors are separated by a known streamwise distance ∆x. Each sensor must be excited by a high-frequency response electronic system. Figure 2 shows some typical signal outputs of two single-tip probes side-by-side (∆z = 3.6 mm). The time-variation of the voltage output has a "square-wave" shape. Each steep drop of the signal corresponds to an air bubble pierced by the probe tip. Although the signal is theoretically rectangular, the probe response is not square because of the finite size of the tip, the wetting/drying time of the interface covering the tip and the response time of the probe and electronics.
Phase-detection probes are very sensitive devices and they are susceptible to a number of problems.
A quality control procedure must be systematically applied (Toombes 2002, pp. 70-72) .
Specifically, the probe signals may exhibit some long-term signal decays often induced by probe tip contamination, short-term signal fluctuations caused by debris and water impurities, electrical noise and non-representative samples. Although most quality control procedures can be automatised, it must be stressed that human supervision and intervention are essential to validate each quality control step. Lastly, the effect of probe sensor size on the air-water flow properties was rarely tested but by Chanson and Toombes (2002) and Carosi and Chanson (2006) 
SIGNAL PROCESSING
The measurement principle of phase-detection intrusive probes is based upon the difference in optical index or electrical resistivity between air and water. The intrusive probe sensor is designed to pierce the bubbles and droplets. That is, the probe sensor must be sharpened and it must ideally face the stream of incoming bubbles as shown in Figure 1A . A typical probe signal output is shown in Figure 2 . The signal processing may be conducted on the raw signal output (e.g. Fig. 2 ) and on a thresholded "square wave" signal.
A thresholded signal analysis relies upon some arbitrary discrimination between the two phases.
The technique may be based upon single or multiple thresholds, or some signal pattern recognition.
The resulting square-wave signal yields the instantaneous void fraction C: C = 0 in water and C = 1 in air (Fig. 1B) . It is used to calculate the time-averaged void fraction, bubble count rate, the air/water chord times, the bubble/droplet chord lengths and their statistical moments (mean, median, std, skewness, kurtosis), and the streamwise particle grouping analysis. In high-velocity flows, the most robust discrimination technique is the single threshold technique with a threshold set at about 45 to 55% of the air-water voltage range (Herringe and Davis 1974, Toombes 2002, pp. 55-56) .
The signal processing of the raw probe outputs is typically used for some correlation analyses.
These yield the time-averaged interfacial velocity, the turbulence intensity, the auto-correlation and cross-correlation integral time and length scales, the air-water integral length and time scales (see below). A further level of signal analysis is the spectral analyses (e.g. Gonzalez 2005 ).
Basic air-water flow properties The time-averaged void fraction C is the proportion of time that the probe tip is in the air. Although past experiences showed that the probe orientation with the flow direction had little effect on the void fraction accuracy, the phase-detection probes are designed to pierce the bubbles/droplets with minimum interference and the probe sensor should face the bubbles/droplets as sketched in Figure   1A .
The bubble count rate F is the number of bubbles impacting the probe tip per second. Note the relationship between bubble count rate and void fraction. Experimental data showed a pseudoparabolic relationship:
where F max is the maximum bubble frequency. Toombes (2002) demonstrated the theoretical validity and he proposed a more general extension (Toombes 2002, pp. 190-195) . Another reasoning yields a similar relationship. The bubble count rate is proportional to the fluctuations of the instantaneous void fraction that is either 0 or 1. Simple considerations show that its variance 
Correlation analyses
When two or more phase detection probe sensors are simultaneously sampled, some correlation analyses may provide additional information on the bubbly flow structure. A well-known application is the use of dual tip probe to measure the interfacial velocity (Fig. 1) . With large void fractions (C > 0.10), a cross-correlation analysis between the two probe sensors yields the time averaged velocity :
where T is the air-water interfacial travel time for which the cross-correlation function is maximum and ∆x is the longitudinal distance between probe sensors (Fig. 1) . Turbulence levels may be further derived from the relative width of the cross-correlation function : where τ 0.5 is the time scale for which the cross-correlation function is half of its maximum value such as: R xy (T+τ 0.5 ) = 0.5*R xy (T), R xy is the normalised cross-correlation function, and T 0.5 is the characteristic time for which the normalised auto-correlation function equals : R xx (T 0.5 ) = 0.5 (Fig.  1) . Physically, a thin narrow cross-correlation function ((τ 0.5 -T 0.5 )/T << 1) must correspond to little fluctuations in the interfacial velocity, hence a small turbulence level Tu. While Equation (3) is not the true turbulence intensity u'/V, it is an expression of some turbulence level and average velocity fluctuations (Chanson and Toombes 2003) . More generally, when two probe sensors are separated by a transverse or longitudinal distance Y, their signals may be analysed in terms of the auto-correlation and cross-correlation functions R xx and R xy respectively. Figure 3 shows two probe sensors separated by a transverse distance Y. Practically the original data set may be segmented because the periodogram resolution is inversely proportional to the number of samples and it could be biased with large data sets (Hayes 1996) . Basic correlation analysis results include the maximum cross-correlation coefficient (R xy ) max , and the auto-and cross-correlation time scales T xx and T xy where : ) where R xx is the normalised auto-correlation function, τ is the time lag, and R xy is the normalised cross-correlation function between the two probe output signals (Fig. 1C) . The auto-correlation time scale T xx represents the integral time scale of the longitudinal bubbly flow structure. It is a characteristic time of the eddies advecting the air-water interfaces in the longitudinal direction. The cross-correlation time scale T xy is a characteristic time of the vortices with a length scale Y advecting the air-water flow structures. The length scale Y may be a transverse separation distance ∆z or a streamwise separation ∆x.
T T Tu
When identical experiments with two probes are repeated using different separation distances Y (Y = ∆z or ∆x), an integral turbulent length scale may be calculated as :
The length scale L xy represents a measure of the transverse/streamwise length scale of the large vortical structures advecting air bubbles and air-water packets. A turbulence integral time scale is:
T represents the transverse/streamwise integral time scale of the large eddies advecting air bubbles.
Figure 4 presents some experimental results obtained in a hydraulic jump on a horizontal channel and in a skimming flow on a stepped channel. In both flow situations, the distributions of integral time scales showed a marked peak for 0.4 ≤ C ≤ 0.6 (Fig. 4) . Note that Figure 4A presents some transverse time scales T xy while Figure 4B shows some longitudinal time scales T xy . The distributions of transverse integral length scales exhibited some marked differences that may reflect the differences in turbulent mixing and air bubble advection processes between hydraulic jump and skimming flows. Figure 4C shows the dimensionless turbulent length scale L xy /Y 90 in a skimming flow where Y 90 is the distance normal to the pseudo-bottom formed by the step edges where C = 0.90. 
SUMMARY
The first International Junior Researcher and Engineer Workshop on Hydraulic Structures provided an opportunity for young researchers to present their ideas and research plans. The research project required however a sound supervision with some generous scholarly supervision. More generally, the senior researcher must lead by example, steer the project scholarship and foster novel ideas. At the end, the success of the study is linked with the teamwork involving a senior research supervisor and a dedicated young engineer. The present contribution illustrates a successful example. In hydraulic engineering, the high-velocity air-water flows are characterised by large amounts of entrained air, with void fractions commonly larger than 5 to 10%, and with ratios of interfacial velocity to bubble rise velocity greater than 10 to 20. The most reliable air-water flow metrology is the intrusive phase detection probe. These probes are designed to pierce bubbles and droplets. Herein some advanced signal processing is developed and the results yield new information on the air-water turbulent structures. The results are applied to a simple study of skimming flow on stepped spillways and hydraulic jumps.
